Subjects characterized by a predominance of small LDL particles (pattern B) have changes in plasma triglyceride (TG) and HDL-cholesterol concentrations consistent with the presence of resistance to insulin-mediated glucose uptake. To 
Introduction
Although heterogeneity in size and density of LDL particles has been appreciated for some time (1) (2) (3) , results of more re-cent studies have begun to define the clinical relevance of these earlier observations. There is now substantial evidence (4) (5) (6) indicating that individuals with smaller LDL particles are at increased risk to develop coronary heart disease. Analysis of LDL particle size distributions by nondenaturing gradient gel electrophoresis has identified multiple, distinct LDL subclasses and has shown that LDL in most individuals can be characterized by a predominance oflarger LDL (diameter usually larger than 255 A, subclass pattern A) or smaller LDL (< 255 A, subclass pattern B). Individuals with subclass pattern B have been shown to have higher plasma triglyceride (TG)' and lower HDL-cholesterol concentrations (5, 6) . Similar changes in plasma TG and HDL-cholesterol concentrations have also been shown to be associated with resistance to insulin-mediated glucose uptake and/or hyperinsulinemia (7-1 1 ) . Given these observations, it seemed reasonable to raise the possibility that subclass pattern B may also be associated with insulin resistance. The study to be presented was initiated to address this hypothesis and was performed in 100 nondiabetic and healthy individuals.
Methods
The study population consisted of 100 normal adults, 52 women and 48 men, who responded to a newspaper advertisement describing our experimental goal. Their mean age (±SD) was 44±13 yr (range: 20-71 yr), and their mean (±SD) body mass index (BMI) was 24.8±3.6 kg/ m2 (range: 18.0-34.5 kg/M2). They had no history or symptoms of any known disease and had a normal physical examination and routine findings on general blood chemical analyses, hemogram, and resting electrocardiogram. Subjects were not receiving any medicine known to influence lipid metabolism or glucose tolerance. After subjects gave their informed written consent, they were admitted to the Stanford University General Clinical Research Center, and the following tests were performed.
Arterial blood pressure was measured with a mercury sphygmomanometer, using the disappearance of Korotkoff sounds (phase V) as criterion for the determination of diastolic blood pressure. The reported blood pressures are the arithmetic means of measurements made on three separate days before venipuncture and after subjects sat for 2 5 min in a quiet environment.
Venous blood was drawn on two occasions after an overnight fast for measurement of plasma TG ( 12), cholesterol ( 13) , and for separation of various lipoprotein fractions ( 14) . Plasma glucose ( 15) and insulin ( 16) concentrations were measured after an overnight fast before and 30, 60, 120, and 180 min after a 75-g oral glucose load. Finally, insulin-mediated glucose uptake was estimated by a modification of the insulin suppression test ( 17) originally described by our research group (18) . This study was also performed after an overnight fast and involved the continuous intravenous infusion for 180 min of somatostatin (5 jg/min), insulin (25 mU/Mr2. min), and glucose (240 mg/ m2 . min) into an indwelling teflon catheter in a superficial antecubital vein. Venous blood samples were obtained from a similar catheter inserted in a contralateral antecubital vein and kept patent by a slow infusion of 0.9% sodium chloride. Blood was obtained every 10 min during the last 30 min for measurement of plasma glucose and insulin concentrations, and the mean value of these four measurements was used to calculate the steady state plasma insulin (SSPI) and steady state plasma glucose (SSPG) concentrations. Under these experimental circumstances, the SSPI was comparable in all individuals and the SSPG concentration provided a measure of insulin-mediated glucose disposal; the higher the SSPG, the more insulin-resistant the individual.
An aliquot ofvenous blood drawn after an overnight fast from each individual was also analyzed for size distribution of LDL particles by gradient gel electrophoresis (19) . Subjects were classified into three groups on the basis ofdistinct LDL subclass patterns (5): pattern A was defined as an LDL subclass pattern with the major gradient gel peak at a particle diameter of 2 255 A and the presence of a minor peak of smaller LDL particles. Pattern B had the major peak at a particle diameter of < 255 A, with skewing ofthe curve toward larger particle diameters. Subjects with some ofthe characteristics of both patterns A and B was defined as intermediate pattern. The mean peak particle diameters for A, intermediate, and B patterns were 268, 261, and 250 A, respectively (see Table I ).
Statistical analysis. Two-way analysis ofvariance was used for comparison of data collected over multiple time points among the three groups. Multiple samples obtained at a single time point, such as a fasting state, were compared by one-way analysis of variance (20) .
Pearson correlation coefficients (21) were calculated to determine the relationship between LDL diameter and various measures of insulin resistance and lipid values. Partial correlation coefficients (21) , adjusting for designated variables, were used to ascertain the direct relationship between LDL diameter and other variables (see results for specific adjustments). Since some of the metabolic variables do not show normal distributions, (TG, insulin response, and SSPG), Spearman correlation was applied in these situations (22) . Finally, multiple regression analysis was performed using different models (see Results), consisting of different independent variables, with the dependent variable being LDL diameter.
All results were presented as mean±SEM, with the exception of Tables I and IV, in which the basic demographic data were given as mean±SD. 
Results
On the basis of LDL particle size, the population consisted of 52 subjects with pattern A, 29 subjects with the intermediate pattern, and 19 with pattern B. The average LDL diameters of the three groups are given in Table I , and all three groups were significantly different from each other. Baseline characteristics ofthe three groups in Table I demonstrate that individuals with pattern B consisted of more male individuals and had a higher BMI and higher systolic and diastolic blood pressures than subjects with either pattern A or the intermediate pattern.
Plasma glucose and insulin responses to oral glucose challenge in the three groups are shown in Fig. 1 , and these data demonstrate that pattern B individuals were relatively glucose intolerant (P < 0.05-0.0005) and hyperinsulinemic (P < 0.01-0.0005) as compared with the other two groups. The plasma glucose and insulin responses of those with the intermediate pattern were higher than in those with pattern A and lower than in those with pattern B and were significantly different (P = 0.05-0.005) from both. The SSPG and SSPI concentrations of the three groups are illustrated in Fig. 2 . SSPG concentrations (Fig. 2, right) To define the relationships between LDL particle size and the other variables measured, the diameter ofthe predominant LDL gradient gel peak for each subject was used. Direct correlation coefficients between LDL diameter and the experimental variables measured are shown in Table III . It is apparent that the older and the greater the BMI of an individual, the smaller the LDL diameter. Males had significantly smaller LDL particles, and blood pressure also correlated negatively with LDL diameter, both systolic and diastolic. LDL diameter also correlated with the measures ofglucose and insulin metabolism; the smaller the LDL diameter, the greater the plasma glucose and insulin responses to the oral glucose load. This indirect evidence of a relationship between LDL diameter and insulin resistance was supported by the significant correlation between SSPG and LDL diameter. Finally, all measures of plasma lipid and lipoprotein concentration were significantly correlated with LDL diameter. Partial correlation coefficients, taking differences in BMI, age, and gender into consideration, are also seen in Table III and demonstrate that all of the relationships with LDL diameter remain significant, with the exception of LDL-cholesterol concentration.
Previous studies have demonstrated a strong relationship between SSPG (insulin resistance) and both the plasma insulin response to oral glucose and the fasting TG concentration, and this was true ofthe current data (SSPG vs. insulin response, r = 0.60, P < 0.001 and SSPG vs. TG, r = 0.65, P < 0.001, Spearman correlation). Since both of these variables also correlated significantly with LDL particle diameter, partial correlation coefficients were calculated to see if the relationship noted between SSPG and LDL particle size was independent of the insulin response and/or the TG level. When the partial correlation between SSPG and LDL particle diameter was determined, taking into account the TG concentration, the simple correlation between SSPG and LDL particle diameter decreased from -0.44 to -0.04 and was no longer significant. The correlation coefficient between SSPG and LDL particle diameter also fell (-0.44 to -0.28) when the insulin response was taken into account, but in this instance the partial correlation between the two variables remained significant (P < 0.006).
To further evaluate the relationship between LDL particle diameter and insulin resistance and plasma TG concentration, multiple regression analysis was performed with age, BMI, gender, SSPG, and TG as the independent variables. When this was done, only plasma TG concentration emerged as an independent predictor of LDL particle diameter (P < 0.001 ). The addition of insulin response to the above model had no impact on the independent relationship between TG and LDL particle diameter. However, when cholesterol concentrations in the plasma and lipoprotein fractions were added to the model (excluding VLDL cholesterol because of its close correlation with Table III TG), significant independent relationships were demonstrated between LDL particle diameter and both TG (P < 0.005) and intermediate density lipoprotein (IDL) cholesterol (P < 0.02).
The partial correlation coefficients shown in Table III attest to the relationship between LDL particle diameter and the other variables measured after statistically adjusting for age, BMI, and gender. To pursue this issue further, three groups were matched in regards to these variables. The characteristics of these three groups are shown in Table IV , demonstrating their similarity in terms of age, BMI, and gender distribution. As before, the LDL particle size was smaller and blood pressure was higher in pattern B subjects.
The results of the glucose tolerance tests of the three matched groups are shown in Fig. 3 , and this subset of pattern B individuals was also glucose intolerant and hyperinsulinemic compared with the other two groups (P = 0.05-0.005). Finally, the results in Fig. 4 demonstrate that SSPG values were higher in group B individuals then in the other groups, despite their higher SSPI concentrations, i.e., they are insulin resistant.
Lipid and lipoprotein concentrations of the matched groups are listed in Table V and indicate that the dyslipidemia of subjects with pattern B persists when they are closely matched with the other two groups. 
Discussion
The goal ofthis study was to see if individuals who were classified as pattern B on the basis of their LDL particle diameter were also insulin resistant. The results shown in Figs. 2 and 4 indicate that this was the case, and the relationship persisted when differences in gender, age, and degree of obesity were taken into consideration. In support ofthis conclusion was the observation (Figs. 1 and 3 ) that individuals with the pattern B subclass were also glucose intolerant and hyperinsulinemic in comparison to the other two groups. In addition to insulin resistance, glucose intolerance, and hyperinsulinemia, pattern B individuals were also dyslipidemic, with higher plasma TG and lower HDL-cholesterol con- Further, these relationships all persisted when differences in gender distribution, age, and obesity were taken into consideration. Thus, although the specific goal of this study was to define the relationship if any between LDL particle diameter and glucose and insulin metabolism, it seems necessary to also comment in a somewhat broader fashion on the multiple relationships that have been described. Several years ago it was suggested that a cluster of abnormalities, including glucose intolerance, increased blood pressure, high plasma TG concentrations, and low HDL-cholesterol concentrations, were associated with insulin resistance and/or hyperinsulinemia (23) .
At that time, it was suggested that the cluster of changes noted above constitute a syndrome (X). Since then, several reports have been published that have demonstrated the clustering of similar changes (24, 25) . More recently, it has been shown that increases in serum uric acid concentration and plasminogen activator inhibitor-1 also seem to be associated with insulin resistance and/or hyperinsulinemia, hypertriglyceridemia, high blood pressure, and a low HDL cholesterol (26) (27) (28) (29) . On the basis ofthe data presented in this study, there is now strong substantial evidence that smaller and denser LDL particles be added to the group of changes initially described under the rubric of Syndrome X (23) .
Although there appears to be some general agreement as to the changes that constitute Syndrome X, issues remain as to the nature of the relationship between the variables that make up the cluster. For example, when initially defined, it was suggested that insulin resistance was the basic defect and the other events noted, e.g., hypertriglyceridemia, were secondary. However, it has also been argued that hypertriglyceridemia can cause insulin resistance (30) . At the present time, the information necessary to decide between these two alternatives does not seem to be available. However, the current data provide evidence that any relationship that exists between insulin resistance and LDL particle diameter is likely to be exerted via its impact on lipoprotein metabolism. Significantly, when multiple regression analysis was performed, only plasma TG and/or IDL-cholesterol concentrations were shown to be independent predictors of LDL particle diameter. This latter observation is of additional interest given demonstration of the relationship between IDL and progression of coronary heart disease ( 31 ).
In conclusion, individuals with small, dense LDL particles (pattern B) are relatively insulin resistant, glucose intolerant, hyperinsulinemic, hypertensive, and have a lower HDL-cholesterol concentration. These observations support the view that this change in LDL composition be added to the cluster of abnormalities previously referred to as Syndrome X (23) . Recent studies in normal (32) and hyperlipidemic (33) families have indicated that LDL subclass patterns are influenced by a major gene. Its linkage to a locus near the LDL and insulin receptor genes on chromosomes 19p has been demonstrated (34) . The present finding indicates that the allele responsible for expression of LDL subclass pattern B may also predispose to insulin resistance.
